When light illuminates a thick metal film perforated with small holes, shadows appear. At the nanoscopic level, however, light can be emitted predominantly from the metal surfaces between the holes-shadows can be indeed brighter than the lighted holes. The symmetry of the near-field emission pattern is determined by the symmetry of the surface plasmon waves. Surprisingly, these nanoscopic emission patterns from the metal can be preserved to the far-field region, where the pattern becomes sinusoidal. This unusual behavior of light emission from the shadows is explained by efficient wave vector selection. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1515134͔ Generally, the transmission efficiency of light through subwavelength holes is believed to be exceedingly low.
Generally, the transmission efficiency of light through subwavelength holes is believed to be exceedingly low. 1, 2 When these holes form periodic arrays, however, the transmission efficiency may be enhanced by several orders of magnitude at certain wavelengths. 3 This phenomenon has attracted much attention and recent experimental and theoretical work has attributed it to the excitation of surface-bound waves, surface plasmons ͑SPs͒, 4 -6 in terms of which the spectral positions and strengths of the transmission resonances are determined. 3, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] With regard to the microscopic emission patterns, a recent study suggests that, for offresonant excitation, the field intensity is localized around the holes. 10 In addition, many theoretical calculations contend that SPs interfere constructively near holes. 16, 19, 20 In this letter, we present microscopic emission patterns of light transmitted through thick metal films with periodic hole arrays. We show that the dominant contribution to emission can be from the metal surfaces outside the holes. The near-field pattern also reflects the symmetry of the SP waves that are polarization controlled. Moreover, measurements reveal that the emission from the metal surfaces can reach the far-field region, where the pattern becomes sinusoidal. These experimental results clearly indicate that the near-field patterns are determined by the coherent interference of many SP waves, while efficient wave vector selection makes the farfield pattern dominated by only the first two diffraction orders. Figure 1͑a͒ shows a scanning electron microscopy image of a typical sample. A far-field transmission spectrum of a sample with a 150 nm hole diameter and a period of 850 nm in a 300 nm thick gold film is displayed in Fig. 1͑b͒ , with light incident on the sapphire side. It shows transmission peaks at SP resonances corresponding to surface charge oscillations at the air-metal and sapphire-metal interfaces, respectively. The 930 nm peak corresponds to the air-metal SP resonance of the first order with its symmetry along the x or y axes defined as horizontal and vertical, respectively. These are termed the ͓1, 0͔ or ͓0, 1͔ modes. The 1100 nm peak is the ͓1, 1͔ sapphire-metal SP resonance of second order with its symmetry along the axis diagonal. We employ a near-field scanning optical microscope in the transmission geometry where a Ti:sapphire laser excites the sample on the sapphiremetal side near the normal incidence and a metal-coated fiber tip with a sub-100 nm aperture collects light on the air-metal side. The incident beam is focused to a spot 5-10 m in size on the sample. Figure 1͑c͒ is a schematic sketch of light emission from the holes, as our macroscopic experience implies. Figure 2 shows a near-field emission pattern for each polarization with the wavelength of an incident beam around the air-metal ͓1, 0͔ SP resonance peak as shown in Fig. 1͑b͒ . While the transmission efficiency in the far-field region is independent of polarization, 10 the near-field images show a strong polarization dependence. We observe stripes that run essentially perpendicular to the polarization direction. In addition, there are minima between the stripes, so that a peakto-valley ratio of 10 or larger is seen. pendences are consistent with the fact that the propagation direction of the SP waves is parallel to the exciting light polarization and that SP waves are mostly longitudinal. In all images most of the light transmitted is found on metal surfaces away from the holes, so that over 90% of the integrated light emission originates from the metal surfaces. This behavior is different from previous observations 10 and recent theoretical predictions. 16 It is important to study which part of the near-field pattern can reach the far field where enhanced transmission is observed. We have varied the distance z between the tip and the surface, at a wavelength that is on the high-energy side of the air-metal ͓1, 0͔ resonance ͑877 nm͒. As Figs. 3͑a͒-3͑d͒ show, the pattern is preserved well up to zӍ2.2 m, which is well over twice the wavelength. In fact, we can observe vertical stripes up to a distance of 5 m, when the wavelength of the incident light is close to the lattice constant. This clearly indicates that a large portion of the field emanating from nonilluminated metal surfaces is not evanescent: metal shadows can indeed shine into the far field. Figure 3͑e͒ plots the total intensity, spatially integrated over the xy plane, as a function of z. It shows clearly that the light transmitted has both evanescent and nonevanescent components. The evanescent part constitutes about half the total integrated intensity with the decay length of the order of 200 nm. Figure 3͑f͒ reveals how simple the emission pattern becomes at large z: the cross-sectional intensity of Fig. 3͑d͒ can be fit nearly exactly by AϮB sin(2x/a 0 ) where a 0 is the lattice constant, and A and B fitting parameters. The fact that the region of near-constant integrated intensity of z у0.5 m in Fig. 3͑e͒ coincides with the simple patterns of Figs. 3͑c͒ and 3͑d͒ is extremely instructive. In the near field, many in-plane Fourier components, k ʈ ϭ0,Ϯ2/a 0 , Ϯ4/a 0 , contribute. That is why the spatial pattern is generally complicated. As z becomes larger, the larger wave vector modes with small penetration depth into the air side all quickly decay out, and only the k ʈ ϭ0,Ϯ2/a 0 modes can survive.
In order to better understand our results, we have performed three-dimensional finite difference time domain ͑FDTD͒ simulations of light transmission through 100 nm holes in a free-standing gold film of 100 nm thickness ͑Fig. 4͒. The field distributions are calculated for linear y polarization of the incident field by numerically integrating Maxwell equations in the time domain assuming a Drude model for the dielectric function of the metal. For simplicity we chose a lattice constant of the hole array of 500 nm and an excitation wavelength of 530 nm, similar to the experimental conditions. These simulations show ͓Fig. 4͑a͔͒ that the field distribution close to the aperture is described rather well by the Bethe-Boukamp model, and show typical divergence at the rim of the aperture. 1, 16 In addition, strong SP fields are generated on the nonilluminated side and the stripe-like patterns run perpendicular to the polarization direction. Interference of the SP field is clearly visible in the local enhancement of the field intensity along lines in the center between adjacent holes, perpendicular to the incident y polarization, as observed experimentally ͓Fig. 2͑a͔͒. A cross section ͉E y (xϭa/2,y,z)͉ 2 in the y -z plane along a plane (xϭa/2) through the center of the holes is given in Fig. 4͑b͒ . The z dependence of the field emitted from the holes and the SP field on the metal surfaces are different. The emission from the holes decays rapidly with an increase in z and it appears that the field that originates from the metal can dominate the far-field emission. The numerical complexity makes it difficult to extend these calculations to the far-field region. Yet, two-dimensional ͑2D͒ simulations suggest similar near-field distributions and show indeed a sinusoidally modulated farfield emission that stems from the metal surfaces. The main discrepancy between theory and the experiment is that, in theory, holes are still the brightest spots, whereas in experiments, that is not the case. Clearly more studies are needed.
To summarize, we have shown that nonilluminated metal surfaces away from the periodically arranged holes can shine into the far-field region and preserve its patterns which become essentially sinusoidal. Survival of the first two orders of diffraction and efficient wave vector selection at larger z explain our data. Our experiments are in qualitative agreement with model calculations.
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